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CABLE MOTION DETECTION 

BACKGROUND OF THE INVENTION 
5 1. FIELD OF THE INVENTION 

This invention relates generally to ocean bottom or seabed seismic surveying, and, 
more particularly, to cable motion detection in ocean bottom or seabed seismic surveying. 

2. DESCRIPTION OF THE RELATED ART 

10 Underwater seismic exploration is widely used to locate and/or survey subterranean 

geological formations for hydrocarbon deposits. A survey typically involves deploying one 
or more seismic sources and one or more seismic sensors at predetermined locations. For 
example, a seismic cable including an array of seismic sensors may be deployed on the sea 
floor and a seismic source may be towed along the ocean's surface by a survey vessel. The 

15 seismic sources generate acoustic waves that travel to the geological formations, where they 

are reflected and propagate back to the seismic sensors. The seismic sensors receive the 
reflected waves, which are then processed to generate seismic data. Analysis of the seismic 
data may indicate probable locations of geological formations and hydrocarbon deposits. 

20 The accuracy of the seismic survey depends, at least in part, on an accurate 

determination of the location of the deployed cable during the survey, so the position of the 
deployed seismic cable is typically verified before conducting the seismic survey. For 
example, following the deployment of the cable, an initial position of the deployed cable is 
determined using an initial position determination operation. The initial position 

25 determination operation may be performed using a variety of well-known techniques. For 
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example, one or more survey vessels may make direct measurements of the location of 
transceivers attached to the cable during passes along either side of the cable. 

The deployed cable often moves during the seismic survey. For example, high 
5 currents and/or turbulence in the water may shift the position of the cable. If the seismic 

cable moves more than an acceptable distance from its initial position, it may be necessary to 
correct the seismic survey data, e.g., during subsequent data processing. Thus, despite the 
high cost of performing position determination operations, a final position of the cable may 
be verified using a final position determination operation after the seismic survey is complete. 
10 For example, the probability that the seismic cable has moved more than an acceptable 

distance from its initial position may be increased if the weather has been particularly bad 
during the course of the seismic survey, or the seas have been particularly high, and 
performing the final position determination operation may then be considered a worthwhile 
investment of time and resources. 

15 

However, the results of the initial and final position determination operations may 
incorrectly indicate that the cable has moved. For example, variations in the speed of sound 
in the water near the seismic cable may alter the propagation velocities of the acoustic waves 
used in the position determination operations, which may result in different determined 
20 positions of the seismic cable. For another example, these so-called "misclosures" between 

the initial and final position determinations may be caused by variations in the inclination 
angle between the survey vessel and the cable. 
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A variety of techniques are traditionally used to determine whether cable motion is 
the cause of the misclosures. In one conventional method, noise from the seismic sensors is 
monitored so that noise produced by motion of the seismic sensors may be detected. 
However, distinguishing motion-induced noise from other types of noise that may also be 
5 produced by the seismic sensor requires using complex logic devices that may not always 

accurately distinguish between the various types of noise. In another conventional method, 
the misclosures caused by acoustic propagation variations are modeled and compared to the 
measured misclosures. However, fitting the misclosures caused by acoustic propagation 
variations to an accurate model may be difficult, time-consuming, and frequently 
10 unsuccessful. 

Moreover, even if it can be determined that the misclosures were caused by motion of 
the cable, it is very difficult, and often impossible, to determine when the movement of the 
cable occurred. Consequently, the location of the cable during the seismic survey may 
1 5 remain uncertain, which may reduce the accuracy of the results of the seismic survey. 

SUMMARY OF THE INVENTION 

In one aspect of the instant invention, a method is provided for cable motion 
detection. The method includes determining at least one initial inclination of at least one 
20 orientation sensor coupled to a seismic cable, determining at least one current inclination of 

the at least one orientation sensor, and determining whether the at least one seismic cable has 
moved from the at least one initial inclination and the at least one current inclination. 
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In one aspect of the present invention, a system is provided for cable motion 
detection. The system includes at least one seismic cable, at least one seismic sensor coupled 
to the at least one seismic cable, and at least one orientation sensor coupled to the at least one 
seismic cable. The system also includes a signal processing unit capable of determining at 
least one initial inclination of the at least one orientation sensor, determining at least one 
current inclination of the at least one orientation sensor, and determining whether the at least 
one seismic cable has moved using the at least one initial inclination and the at least one 
current inclination. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The invention may be understood by reference to the following description taken in 
conjunction with the accompanying drawings, in which like reference numerals identify like 
elements, and in which: 

Figure 1 shows an exemplary system for ocean bottom or seabed seismic surveying; 

Figures 2A and 2B conceptually illustrate an inclination of a seismic sensor before 
and after motion of a seismic cable, such the seismic cable shown in Figure 1 ; 

Figure 3 illustrates one embodiment of a method for conducting an ocean bottom or 
sea-bed seismic survey including detecting motion of a seismic cable, such as the seismic 
cable shown in Figure 2; and 
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Figure 4 shows one embodiment of a rack-mounted computing apparatus that may 
perform the method illustrated in Figure 3. 

While the invention is susceptible to various modifications and alternative forms, 
specific embodiments thereof have been shown by way of example in the drawings and are 
herein described in detail. It should be understood, however, that the description herein of 
specific embodiments is not intended to limit the invention to the particular forms disclosed, 
but on the contrary, the intention is to cover all modifications, equivalents, and alternatives 
falling within the spirit and scope of the invention as defined by the appended claims. 

DETAILED DESCRIPTION OF SPECIFIC EMBODIMENTS 

Illustrative embodiments of the invention are described below. In the interest of 
clarity, not all features of an actual implementation are described in this specification. It will 
of course be appreciated that in the development of any such actual embodiment, numerous 
implementation-specific decisions must be made to achieve the developers' specific goals, 
such as compliance with system-related and business-related constraints, which will vary 
from one implementation to another. Moreover, it will be appreciated that such a 
development effort might be complex and time-consuming, but would nevertheless be a 
routine undertaking for those of ordinary skill in the art having the benefit of this disclosure. 

Referring now to Figure 1, an exemplary system 100 for ocean bottom and/or seabed 
seismic surveying is shown. The exemplary system 100 includes a seismic survey vessel 105 
on the surface 110 of a body of water 115. In alternative embodiments, the body of water 
115 may be freshwater, sea water, or brackish water. A seismic cable 120 is deployed from 
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the seismic survey vessel 105. The seismic cable 120 is shown here in a first position 123(1) 
indicated by solid lines and a second position 123(2) indicated by dashed lines. Although 
only one seismic cable 120 is shown in Figures 1, the present invention is not so limited. In 
alternative embodiments, more seismic cables 120 may be deployed without departing from 
5 the scope of the present invention. 

A plurality of seismic sensors 130 are coupled to the seismic cable 120 in 
conventional fashion. The seismic sensors 130 may receive a variety of acoustic signals 
including, but not limited to, direct acoustic signals from a seismic source (not shown), 

10 acoustic signals formed when the direct acoustic signals are reflected from geological 

formations below the floor 125 of the body of water 1 15, a reflected acoustic signal from the 
water/air interface, noise signals, and the like. For example, the seismic sensors 130 may be 
moving coil geophones. However, in alternative embodiments, the seismic sensors 130 may 
be any of a variety of types of sensors capable of measuring velocity and/or acceleration, 

15 such as geophones and the like. Furthermore, in other alternative embodiments, the seismic 

sensors 130 may be any of a variety of types of sensors capable of measuring pressure, such 
as hydrophones and the like. 

The received acoustic signals are used to develop a representation of the geological 
20 formations below the floor 125 of the body of water 115, which may be used to identify 

hydrocarbon deposits in the geological formations. For one example, acoustic signals 
received by each of the plurality of seismic sensors 130 may be processed to form a 
representation of the geological formations below the floor 125. However, the manner in 
which the acoustic signals received by each of the plurality of seismic sensors 130 are 
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processed to form the aforementioned representation is a matter of design choice and not 
material to the present invention. 

The reflected acoustic signals include a pressure and an elastic wave field. The 
5 seismic sensors 130 may therefore measure four components of the acoustic signals: the 

pressure and three components of the elastic wave field, such as the components along an in- 
line direction, a cross-line direction, and a vertical direction. However, the present invention 
is not so limited. In alternative embodiments, any desirable combination of components of 
the reflected signal may be measured. For example, in one alternative embodiment, only 
1 0 components of the elastic wave field along a vertical direction may be measured. 

During or subsequent to deployment, the plurality of seismic sensors 130 may come 
to rest at a variety of orientations and/or inclinations when deployed on the floor 125. Thus, 
in order to combine the signals received by the one or more seismic sensors 130, each seismic 

15 sensor housing 130 includes an inclinometer 135. In one embodiment, the inclinometer 135 

measures the inclination of the associated seismic sensor 130 with respect to the gravitational 
field. For example, the inclinometer 135 may be a single and/or dual axis accelerometer 
formed on an integrated circuit chip, such as the ADXL 103/203 Single/Dual Axis 
Accelerometer produced by Analog Devices. However, in alternative embodiments any 

20 desirable type of orientation sensor, including inclinometers, tiltmeters, gyroscopic 

inclinometers, magnetic sensors or other device capable of measuring the orientation and/or 
inclination of the seismic sensor 130 may be used. 
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The illustrated embodiment depicts the inclinometers 135 as distinct from and on top 
of the seismic sensors 130. However, this is not necessary to the practice of the invention. In 
one alternative embodiment, the seismic sensors 130 may also perform the functions of the 
inclinometer 135, and so the inclinometer 135 may not be a separate device. For example, the 
5 seismic sensors 130 may be capable of measuring acceleration over a frequency band that 

extends down to DC so that the seismic sensors 130 may measure the DC component of the 
acceleration, i.e. gravitational acceleration. In other alternative embodiments where 
inclinometer 135 is used for cable motion detection, the inclinometer 135 may not be coupled 
to the seismic sensor 130 and may be located anywhere along the seismic cable 120. 

10 

The seismic sensors 130 and/or the inclinometers 135 electronically communicate 
with a signal processing unit 140. The signal processing unit 140 in the system 100 may 
communicate with the seismic sensors 130 and/or the inclinometers 135 in any of a variety of 
maimers well know to those of ordinary skill in the art having benefit of the present 

15 disclosure. These techniques include, but are not limited to, conductive wires and/or optical 

fibers located in the seismic cable 120, wireless electromagnetic transmissions, and the like. 
Although the signal processing unit 140 is depicted as a single unit deployed on the seismic 
survey vessel 105 in Figure 1, the present invention is not so limited. In alternative 
embodiments, portions (not shown) of the signal processing unit 140 may be positioned on 

20 buoys (not shown), other survey vessels (not shown), on land, or any other desirable location 

without departing from the scope of the present invention. 

As shown in Figure 1, the seismic cable 120 may move from a first cable position 
123(1) on the floor 125 of the body of water 115 to a second cable position 123(2). For 
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example, currents in the body of water 115 may cause the seismic cable 120 to move along 
the direction indicated by the arrow 145. However, it will be appreciated by persons of 
ordinary skill in the art that the seismic cable 120 may not move while it is deployed on the 
floor 125 of the body of water 115. In that case, the first cable position 123(1) and the 
second cable position 123(2) may coincide. Note also that some portions of the seismic cable 
120 may move while other portions do not. 

The forces that may cause the seismic cable 120 to move, such as the currents in the 
body of water 1 15, are not predictable. Thus, it is conventional practice to perform an initial 
positioning operation before beginning an ocean bottom and/or seabed seismic survey and a 
final positioning operation after the end of the ocean bottom and/or seabed seismic survey. In 
one embodiment, the initial and final positioning operations are carried out by one or more 
survey vessels 150(1-2) traveling along one or more positioning lines 155(1-2). In various 
alternative embodiments, the one or more survey vessel 150(1-2) may travel along the one or 
more positioning lines 155(1-2) at different times or a plurality of vessels may travel along 
the one or more positioning lines 155(1-2) at the same time or at different times. 

Each of the survey vessels 150(1-2) includes a distance detector 160 that may transmit 
and/or receive a positioning signal 165. The distance detector 160 typically determines a 
distance to the seismic cable 120 within an expected tolerance. For example, the distance 
detector 160 may be capable of determining the distance to the seismic cable 120 within 
about 1 meter. In one embodiment, the distance measurements are combined by a least 
squares algorithm to estimate the coordinates of the seismic sensors 130. However, persons 
of ordinary skill in the art will appreciate that the least squares algorithm is only one 
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exemplary process that may be used to map acoustically derived distances and angles to 
coordinate estimates. In alternative embodiments, many formulas or computational methods, 
well known to those of ordinary skill in the art, may be used to map acoustically derived 
distances and angles to coordinate estimates. 

Misclosures, in which the initial and final position coordinates 123(1-2) of the seismic 
cable 120 differ by more than the expected tolerance, are common. Thus, the signal 
processing unit 140 may be used to monitor signals provided by one or more of the 
inclinometers 135. In one embodiment, the signal processing unit 140 uses the signals 
provided by the inclinometers 135 to determine at least one initial inclination of the 
inclinometers 135, and thereby determine the inclination of the corresponding seismic sensor 
130. For example, the signal processing unit 140 may determine the inclinations of the 
plurality of seismic sensors 130 after the seismic cable 120 has been deployed but before 
beginning an ocean bottom and/or seabed seismic survey operation. The signal processing 
unit 140 may then, at one or more selected times before, during, or after the ocean bottom 
and/or seabed seismic survey operation, determine a current inclination of one or more of the 
inclinometers 135. By comparing the initial and current inclinations, the signal processing 
unit 140 may determine whether the seismic cable 120 has moved. 

Figures 2 A and 2B conceptually illustrate the inclination of the seismic sensor 130 
before and after motion of the seismic cable 120. In the illustrated embodiment, movement 
of the seismic sensor 130 over the uneven floor 125 causes the orientation and/or inclination 
of the seismic sensor 130 to change. For example, various forces may cause the seismic 
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sensor 130 to rotate on the uneven floor 125. The inclinometer 135 determines the change in 
the orientation and/or inclination of the seismic sensor 130. 

In one embodiment, the seismic coupling of the seismic sensor 130 to the floor 125 
5 may change as a result of motion of the seismic cable 120. For example, as illustrated in 

Figure 2A, a gap 210 may exist between the seismic sensor 130 and the floor 125. The gap 
210 may be closed when the seismic sensor 130 moves, as illustrated in Figure 2B, which 
may change the seismic coupling of the seismic sensor 130 to floor 125. However, as will be 
appreciated by persons of ordinary skill in the art, the above example is merely intended to be 
10 illustrative of one of many possible situations in which the seismic coupling of the seismic 

sensor 130 to the floor 125 may change. Thus, this example is not intended to limit the 
present invention. 

The inclinometer 135 provides one or more signals, which may be used to determine 
15 the orientation and/or inclination of the inclinometer 135. In one embodiment, the 

inclinometer 135 provides a DC signal when the inclinometer 135 is at rest, and an AC signal 
in response to a change in the orientation and/or inclination of the inclinometer 135. For 
example, when the inclinometer 135 is at rest, the inclinometer 135 provides an initial DC 
signal indicative of the orientation and/or inclination of the inclinometer 135 relative to the 
20 gravitational field 200. If the inclinometer 135 is moved, it may provide an AC signal in 

response to the motion. Once the moving inclinometer 135 comes to rest at a new orientation 
and/or inclination, the inclinometer 135 may provide a new DC signal indicative of the new 
orientation and/or inclination. The new DC signal is typically different than the initial DC 
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signal, although in some unlikely instances it may be possible for the new DC signal and the 
initial DC signal to be the same. 

Figure 3 illustrates one embodiment of the method for conducting an ocean bottom 
5 and/or seabed seismic survey including detecting motion of the seismic cable 120 using the 

inclinometers 135. The seismic cable 120 is deployed (at 300) and one or more initial 
inclinometer values are read (at 310). For example, the one or more initial inclinometer 
values may include one or more DC signals indicative of the orientation and/or inclination, 
relative to the gravitational field, of one inclinometer 135 in one seismic sensor 130. For 
10 another example, the initial inclinometer values may include DC signals indicative of the 

relative orientation and/or inclination of a plurality of inclinometers 135 in a corresponding 
plurality of seismic sensors 130. 

An optional seismic shooting operation may be performed (at 320) after the initial 
15 inclinometer values are read (at 310). Seismic shooting operations are well-known to those 

of ordinary skill in the art and so, in the interest of clarity, particular embodiments of seismic 
shooting operations will not be described herein. Furthermore, performing (at 320) the 
optional shooting operation is not necessary for the practice of the present invention and may 
be omitted. For example, the seismic cable 120 may be buoyed-off because of inclement 
20 weather or large wave heights. During the time period between buoying-off the seismic cable 

and re-commencing the ocean bottom and/or seabed seismic survey, the inclement weather or 
large wave heights may increase the probability that the seismic cable 120 has moved. Thus, 
it may not be desirable to perform (at 320) the optional seismic shooting operation. 
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Current inclinometer values are read (at 330) and then compared to the initial 
inclinometer values to determine (at 340) whether the inclinometer values have changed. As 
discussed above, the initial and current inclinometer values may be indicative of the initial 
and current orientation and/or inclination of a single inclinometer 135 or of a plurality of 
5 inclinometers 135. In one embodiment, comparing the initial and current inclinometer values 

from a single inclinometer 135 may be sufficient to determine whether or not the seismic 
cable 120 has moved. However, in the unlikely event that the motion of the single 
inclinometer 135 results in the initial and current inclinometer values being the same, 
comparing the initial and current inclinometer values of a plurality of inclinometers 135 may 
10 be desirable to determine whether or not the seismic cable 120 has moved. 

If it is determined (at 340) at the inclinometer values have not changed, indicating that 
the seismic cable 120 has not moved, a seismic shooting operation may be performed (at 
350). If it is determined (at 340) that the inclinometer values have changed, indicating that 

15 the seismic cable 120 has moved, the seismic cable 120 is re-positioned (at 360). As will be 

appreciated by persons of ordinary skill in the art, re-positioning (at 360) the seismic cable 
120 includes performing at least one position determination operation on the seismic cable 
120, as discussed above. However, in alternative embodiments, re-positioning (at 360) the 
seismic cable 120 may also include physically moving the seismic cable 120 to a desired 

20 position, if the position determination operation shows that the seismic cable 120 has moved 

beyond an acceptable distance from the desired position. In that case, the seismic cable 120 
may be moved to the desired position by, e.g., the survey vessel 140 shown in Figure 1. 
After re-positioning (at 360) the seismic cable 120, a seismic shooting operation may be 
performed (at 350). 
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Furthermore, in one embodiment, re-positioning (at 360) the seismic cable 120 also 
includes re-calibrating the seismic coupling of the seismic sensors 130 to the floor 125. 
Although not necessary for the practice of the present invention, re-calibrating the seismic 
5 coupling may improve the accuracy of the ocean bottom and/or seabed seismic survey. Re- 

calibrating the seismic coupling may be accomplished using techniques well-known in the 
art, and so, in the interest of clarity, these techniques will not be described herein. 

If it is determined (at 370) that another shooting operation is to be performed (at 350), 
10 the current inclinometer values may be read (at 330). However, it is not necessary to read (at 

330) the current inclinometer values before performing (at 350) each shooting operation. In 
alternative embodiments, a plurality of shooting operations may be performed (at 350) before 
reading (at 330) the current inclinometer values. For example, if the weather is mild and the 
sea is calm, it may not be desirable to read (at 330) the current inclinometer values before 
15 performing (at 350) each shooting operation because it may be unlikely that the seismic cable 

120 has moved. 

If it is determined (at 370) that no additional shooting operations are to be performed, 
an optional re-positioning of the seismic cable 120 may be performed (at 380). However, the 
20 optional re-positioning (at 380) of the seismic cable 120 is not necessary for the practice of 

the present invention and may be omitted. For example, it is determined (at 340) that the 
inclinometer values have not changed, or at least have not changed outside of a selected 
tolerance, indicating that the seismic cable 1 20 has not moved, the optional re-positioning (at 
380) of the seismic cable may be omitted. 
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In the embodiment illustrated in Figure 3, reading (at 330) the inclinometer values 
occurs at one or more selected times before, during, and/or after the ocean bottom and/or 
seabed seismic survey. However, in alternative embodiments, the inclinometer values may 
be monitored continuously before, during, and/or after the ocean bottom and/or seabed 
seismic survey. For example, the signal processing unit 140 shown in Figure 1 may 
continuously monitor signals from the inclinometers 135. In one embodiment, the signal 
processing unit 140 may detect one or more AC signals provided by the inclinometers 135. 
The signal processing unit 140 may use the one or more AC signals, perhaps in combination 
with one or more DC signals indicative of one or more current and previous inclinations, to 
determine whether or not the seismic cable 120 is moving. 

By determining whether the seismic cable 120 has moved using the above-described 
techniques, time periods between the detected movements of the seismic cable 120 may be 
mapped and the acoustic data recorded during these time periods grouped together. The 
grouped acoustic data may then be used to compute improved position estimates for the 
appropriate time periods. Furthermore, when operated in a continuous mode, movements of 
the seismic cable 120 may be detected in real-time, allowing extra position determination 
operations to be performed when necessary. Consequently, the positions of the seismic 
sensors 130 may be determined more accurately, which may result in improved quality of the 
representations of geological formations, including valuable hydrocarbon deposits, that may 
be produced using the seismic data acquired by the seismic sensors 130. 
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In one embodiment, the signal processing unit 140 shown in Figure 1 includes a rack- 
mounted computing apparatus 400, illustrated in Figures 4A-B, which performs the 
aforementioned processes. The computing apparatus 400 includes a processor 405 
communicating with some storage 410 over a bus system 415. The storage 410 may include 
5 a hard disk and/or random access memory ("RAM") and/or removable storage such as a 

floppy magnetic disk 417 and an optical disk 420. The storage 410 is encoded with a data 
structure 425 storing the data set acquired as discussed above, an operating system 430, user 
interface software 435, and an application 465. The user interface software 435, in 
conjunction with a display 440, implements a user interface 445. The user interface 445 may 
10 include peripheral I/O devices such as a key pad or keyboard 450, a mouse 455, or a joystick 

460. The processor 405 runs under the control of the operating system 430, which may be 
practically any operating system known to the art. The application 465 is invoked by the 
operating system 430 upon power up, reset, or both, depending on the implementation of the 
operating system 430. 

15 

Some portions of the detailed descriptions herein are consequently presented in terms 
of a software implemented process involving symbolic representations of operations on data 
bits within a memory in a computing system or a computing device. These descriptions and 
representations are the means used by those in the art to most effectively convey the 
20 substance of their work to others skilled in the art. The process and operation require 

physical manipulations of physical quantities. Usually, though not necessarily, these 
quantities take the form of electrical, magnetic, or optical signals capable of being stored, 
transferred, combined, compared, and otherwise manipulated. It has proven convenient at 
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times, principally for reasons of common usage, to refer to these signals as bits, values, 
elements, symbols, characters, terms, numbers, or the like. 

It should be borne in mind, however, that all of these and similar terms are to be 
5 associated with the appropriate physical quantities and are merely convenient labels applied 

to these quantifies. Unless specifically stated or otherwise as may be apparent, throughout 
the present disclosure, these descriptions refer to the action and processes of an electronic 
device, that manipulates and transforms data represented as physical (electronic, magnetic, or 
optical) quantities within some electronic device's storage into other data similarly 
10 represented as physical quantities within the storage, or in transmission or display devices. 

Exemplary of the terms denoting such a description are, without limitation, the terms 
"processing," "computing," "calculating," "determining," "displaying," and the like. 

Note also that the software implemented aspects of the invention are typically 
15 encoded on some form of program storage medium or implemented over some type of 

transmission medium. The program storage medium may be magnetic (e.g., a floppy disk or 
a hard drive) or optical (e.g., a compact disk read only memory, or "CD ROM"), and may be 
read only or random access. Similarly, the transmission medium may be twisted wire pairs, 
coaxial cable, optical fiber, or some other suitable transmission medium known to the art. 
20 The invention is not limited by these aspects of any given implementation. 

The particular embodiments disclosed above are illustrative only, as the invention 
may be modified and practiced in different but equivalent manners apparent to those skilled 
in the art having the benefit of the teachings herein. Furthermore, no limitations are intended 
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to the details of construction or design herein shown, other than as described in the claims 
below. It is therefore evident that the particular embodiments disclosed above may be 
altered or modified and all such variations are considered within the scope and spirit of the 
invention. Accordingly, the protection sought herein is as set forth in the claims below. 
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